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A B S T R A C T   

The deployment of renewable chemicals and fuels production is directly connected to technical developments, political incentives and investments. The route to
wards market competitiveness of such chemicals and fuels requires significant cost reduction from state-of-the-art production and operation. In this manuscript, we 
estimate to what extent the expected technical improvements of the sunlight-powered reverse water gas shift process catalysed by a Au/TiO2 photocatalyst can 
improve its economic performance. Multiple factors and different scenarios are explored to identify the main dependencies that drive price reductions for this 
technology. Our projections indicate that the total capital investments required to deploy this green CO production route have the potential to decline from 325 
million euros down to 51 million euros for an annual CO production of 100 kton based on the technical improvements. The levelized cost of CO could decrease from 
around 205 €/GJ CO to 53 €/GJ CO. These results indicate that sunlight-powered chemistry can become competitive when higher carbon taxes are applied to the 
production of fossil CO (75-200€/ton CO2).   

Introduction 

To diminish the effects of the global warming, countries worldwide 
commit to reducing carbon emissions in accordance with international 
agreements like the Paris Agreement [1]. These efforts target achieving 
carbon-neutrality within decades, emphasizing the need to reduce reli
ance on fossil resources for both energy and industrial use [2]. A pivotal 
domain for achieving a fossil-free future is CO2 capture and utilization 
(CCU) technologies [3]. CCU involves capturing CO2 from flue gases 
and/or the atmosphere and utilizing it as feedstock for circular con
version routes. One application involves converting captured CO2 into 
synthetic fuels and platform chemicals (e.g. CH4 and CO) through pro
cesses like the Sabatier reaction (Equation (1) and reverse water–gas 
shift reaction (rWGS, Equation (2) [4 5]. Such approaches decrease in
dustrial dependence on fossil carbon feedstock, enabling the production 
of essential green chemicals and fuels while conserving fossil resources 
[6]. 

CO2 + 4H2 →CH4 + 2H2O ΔH298K = − 165.0 kJ/mol (1)  

CO2 +H2 ⇌CO + H2O ΔH298K = 41.2 kJ/mol (2)  

Various CCU technologies are explored for CO2 conversion to CO or CH4, 

including approaches driven by electrical or thermal energy [7 8 9 10 
11]. Photocatalytic technologies use directly the (sun)light as a sus
tainable energy source that combined with a photocatalysts promote the 
reaction [11 12 13 14 15 16]. Furthermore, there has been significant 
recent progress in the extensive study of general solar-driven CO2 
reduction to CO and CH4 documented in the literature [17]. Further 
potential advantages of photocatalytic conversion technologies include 
(i) high energy efficiency with minimized conversion and transportation 
losses, (ii) high process selectivity with minimized need for energy and 
cost intensive downstream processing, (iii) ease of scaling up and down 
(numbering up) making a good fit with small, medium and large sized 
CO2 sources, (iv) steep learning curves and fast cost reductions expected 
based on technology modularity, (v) decentralized and potentially off- 
grid production, and (vi) low carbon footprint for direct use of sun
light. An example of such a process is the light-driven plasmon-enhanced 
photocatalytic conversion of CO2 and H2 to produce CH4 or CO [11 12 
17 13 19]. Metallic plasmonic nanoparticles attached to a metal oxide 
material are used as catalysts to enhance sunlight utilization [13 9 19 
19]. 

In previous work, we analysed the techno-economic prospects for the 
light-driven Sabatier process, concluding that the methanation process 
could compete with natural gas by 2050 [20 21]. In addition, a steady- 
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state modelling study combining Sabatier and rWGS has recently been 
published by Li et al. [22]. In contrast, in this work, we delve into the 
rWGS process, providing a comprehensive analysis of the complete re
action system and exploring various parameters that influence the cost 
dynamics. Because of the endothermicity of the rWGS reaction, light is 
not only used to overcome the activation energy barrier but its energy is 
also (partially) stored in the CO molecule, thereby storing solar energy 
in chemicals. The rWGS photocatalysis technology has already been 
demonstrated in the lab [13 18 23] and pilot studies in relevant envi
ronment are underway [24 25]. Conducting a techno-economic analysis 
in the early stages of technology development is an important step to 
identify potential cost-saving measures, highlight key design parame
ters, and provide insights into the market potential of the technology. By 
identifying potential challenges early on, developers can make better 
substantiated decisions and optimize the technology to reduce costs and 
increase efficiency during the scale-up process. 

Herein, we report a technoeconomic analysis for the solar powered 
rWGS process. The cost projection analysis has been stablished by 
defining the experimental base, the initial solar powered rWGS system 
design and its costs. This involves identifying main parameters, inputs 
and outputs. We then assessed a scaled-up photochemical plant with 
optimized process performance. Subsequently, we have conducted a 
bottom-up investment cost analysis to determine total system cost. The 
economic feasibility of the photocatalytic rWGS process involves a lev
elized CO production cost analysis. The production costs are compared 
to those of incumbent technology. Sensitivity analysis explores the de
pendency of the production costs on parameters such as capacity, 
feedstock price, and energy costs, identifying technical bottlenecks and 
guiding directions for improvement. The analysis of the different pa
rameters and the costs provides a valuable perspective on the future 
research direction that can guide to scale-up this process. 

Experimental basis for photocatalytic CO production 

Industrial solar powered photocatalytic systems to produce CO are 
not yet available, but previous research indicates that plasmoic pro
duction of CO can be achieved by using a Au/TiO2 catalyst without 
external heating [13]. The photocatalytic system is deposited in a plate- 
like reactor (visual representation of the reactor system in Figure S1– 
Supporting Information (SI)) with an Au loading of 3.1 wt%. The CO 
production rate was assessed under mild solar light concentrations (6 to 
14 kW.m− 2) and catalyst loadings (127 to 1115 g.m− 2) under a consis
tent CO2 and H2 input flow. Additionally, the optimal CO2:H2 molar 
ratio was optimized to maximize CO output. It is essential to highlight 
that, to conduct the experiments while avoiding any interference from 
mass transfer in the measurements, a high input stream of 3.6 l.h− 1 of H2 
and CO2 was used, flowing through a disc of 625 × 10− 6 m2 of area. This 
results in a flow of 1.3 × 104 l.h− 1.m2, and consequently in a deliber
ately low conversion rate of CO2 (below 1 % of experimental yield). The 
intentionally increased input flow in the experimental setup aimed to 
minimize the yield artificially, ensuring accurate CO production mea
surement and mitigating potential inaccuracies due to mass transfer 
limitations. As a result, the reported yield of approximately 1 % does not 
represent a realistic yield under normal operating conditions. Temper
ature measurements were also conducted across the various solar con
centrations (from 6 to 14 suns) and reveal a temperature range of 
80–150 ◦C. This range exhibited a linear increase versus an increasing 
solar concentration [13]. Additionally, temperature measurements 
revealed a significant temperature gradient within the illuminated 
catalyst bed, with a potential temperature difference of up to 150 ◦C 
between the surface temperature measured and the actual temperature 
within the catalyst bed [26]. This temperature variance influences re
action kinetics and catalyst stability, underscoring the critical role of 
temperature in photo-thermal driven rWGS processes, as reported in 
various literature [9 12 17]. 

The study reported several key findings. Firstly, the laboratory 

process achieved an apparent quantum efficiency (AQE) of 4.15 % 
(number of reacted electrons forming CO in comparison to the number 
of incident photons) [13]. Secondly, the CO production rate increases 
exponentially when the solar light concentration was enhanced linearly. 
This relationship has been corroborated by previous studies [13 19 18] 
and conforms to the Arrhenius equation. Finally, a linear increase of the 
catalyst weight did not lead to a linear increase of the CO production 
rate, as an inhibitory shielding effect occurred, resulting in a partly 
inactive catalyst. This occurs because when thicker layers of catalyst 
loading are present, light cannot penetrate to the lowest part of the 
catalyst bed, causing that portion to remain unreacted. A catalyst 
loading of 0.22 kg.m− 2 resulted in the most CO produced per amount of 
catalyst, while loadings between 0.13 and 0.64 kg.m− 2 were tested. 
Finally, the study concluded that the highest CO production rate of 7.4 
mol⋅m− 2⋅h− 1, achieved with a 0.22 kg.m− 2 catalyst loading, was 
attained at a CO2:H2 ratio of 4:1 at 14 kW.m− 2. These experimental 
results act as the starting point for this techno-economic analysis. 

Formulating scenarios for the scaled-up production 

The experimental setup is not suitable for large scale operation and, 
to analyse the economic feasibility of the route, we formulate two sce
narios in which the technology has been optimized for industrial 
implementation. These two scenarios are based on data that are derived 
from the experimentally observed trends. The experiments indicate that 
the CO production rises exponentially for an increase in irradiation (SI, 
Figure S2). This trend is extrapolated to vary the irradiation and CO2 
conversion yield, influencing input flow, production, and efficiency, as 
presented in Table 1. 

The scenarios are outlined below: 

• Experimental scenario: encompassing original experimental config
urations, it features 14 kW.m− 2 irradiation, <1% yield, 7.4 mol.m− 2. 
h− 1 production rate, and 4 % of energy efficiency.  

• Base scenario: retains primary parameters, assuming 10 % yield 
through reduced input flow. Includes 14 kW.m− 2 irradiation, 10 % 
yield (expected realistic conversion rate), 7.4 mol.m− 2. h− 1 CO 
production rate, and 4 % of energy efficiency.  

• Developed scenario: Considers extrapolation results for a higher sun 
concentration [13] with maximum equilibrium yield. Parameters: 
25 kW.m− 2 irradiation, 18 % yield (based on Li, S. et al. equilibrium 
conversion rate [22]), 148 mol.m− 2. h− 1 CO production rate, 46 % of 
energy efficiency. 

The techno-economic analysis focuses on the base and developed 
scenarios, as they are most suitable for practical application. 

Designing a photochemical plant for CO production 

We establish a preliminary system configuration of a photochemical 
plant to produce 100 ktons (or 10 PJ) of CO output per year, as presented 
in Fig. 1. Sunlight is used as sole energy source for the reaction, and 
some of the generated heat is recovered after the reaction, at an assumed 
pressure of 20 bar, while the input flows of green CO2 and H2 input are 

Table 1 
CO production parameters for the different scenarios created from the experi
mental results.   

Experim. Base Developed 

Irradiation (kW.m− 2) 14 14 25 
Yield (CO out/CO2 in) 0.9 %a 10 % 18 % 
Input Flow (mol.m− 2.h− 1) 1025 93 1025 
Production (mol.m− 2. h− 1) 7.4 7.4 148 
Efficiency (JCO out/JLIGHT in) 4 % 4 % 46 % 
a The experimental yield was deliberately kept low by implementing an excessive 

input flow. This was done to enhance the accuracy of CO production measurements.  
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considered to be pressurized (20–70 bar pressure of CO2 and H2 [27]). 
The mass and energy balance of the reaction can be found on the sup
porting information (SI, Figure S3). 

The system includes a mixer unit (1) to receive and mix the CO2 and 
H2 input streams in a 4:1 ratio; a light concentrator (2) to increase 
sunlight power to 14–25 kW.m− 2 at the reactor surface. The photo
reactor features a transparent window (3) allowing sunlight penetration 
into the reaction chamber (4), where the Au/TiO2 catalyst is connected 
to the inlet streams of reactive gases. A support structure (5) with a 
metal isolated base offers structural stability to the photoreactor com
ponents. After the reaction, the output flows through a heat exchanger 
(6) to adjust the temperature and recover some of the heat generated. 
Subsequently, a water separation unit (7) removes water from the 
output stream before the compressor (8) that adjusts the pressure to 20 
bar before entering the separation unit – pressure swing adsorption 
(PSA) unit (9), where CO is separated from the excess H2 and CO2. The 
primary product, green CO, is ready for follow-up chemistry or can be 
pressurized and transported – these stages were not analysed in this 
study. 

To optimize carbon conversion efficiency in a larger industrial sys
tem, unreacted CO2 and H2 are separated and recycled back into the 
photoreactor, ensuring maximal CO2 utilization, promoting sustain
ability, and likely cost-effectiveness. The reaction also displays a selec
tivity of 97 % for CO and 3 % for CH4 formation. To simplify the system 
configuration and economic evaluation, the remaining CH4 formed in 
the recycle stream is separated and purged through a splitter (10). In 
practical operation, this remaining CH4 could be utilized to power the 
facility or serve as a product, enhancing the systems efficiency. For both 
scenarios described in the previous section, the configuration remains 
virtually the same. However, higher irradiation levels result in increased 
heat generation within the reactor. This improves the reaction rate but 
also necessitates larger cooling capacities afterwards to maintain 
optimal operating conditions. We have taken this into account in our 
cost estimations. 

Investment cost analysis 

To estimate the photochemical plant cost, the main components have 
been divided into three categories: the light concentrator, the photo
reactor, and the auxiliary equipment. The costs of the entire process, 
depicted in Fig. 1, are further categorized into equipment costs, direct 
costs, and indirect costs. For the light concentrator system, we adopt the 
total cost assumption (equipment, direct, and indirect costs) from 
NREL’s SunRing heliostat designs, which amounts to 96 $/m2 of 
concentrator [28]. The photoreactor equipment costs are determined by 
the individual costs of its main materials: the glass plate, the catalyst 
(Au), and the support structure (components 3, 4, and 5 - Fig. 1). Among 

these, the Au material dominates the investment costs, with a catalyst 
loading of 3.1 wt% Au amounting to approximately 390 €/m2 of reactor 
[29 30]. In contrast, the costs for glass and support structure are 
significantly lower, fixed at nearly 25 €/m2 of reactor. Additionally, 
other direct and indirect costs, such as installation, instrumentation, 
electrical systems, engineering, legal expenses, etc., are included as a 
percentage on top of the equipment cost, utilizing specific factors that 
are provided in the supporting information (see Table S1 - SI) – 
important to note that the factors used for each equipment are not the 
same [28 31]. 

Next, we evaluate the costs of all auxiliary equipment (e.g., com
pressors, heat exchangers, and purification systems) using ASPEN Plus 
modelling. This analysis directly provides an estimate of the electricity 
demand for the entire process in the production of 100 kton of CO 
annually. The direct and indirect costs for the auxiliary equipment are 
also incorporated as a percentage on top of the equipment cost, using the 
same factors mentioned previously (see Table S1 - SI). CAPEX is deter
mined for a theoretical plant that operates for 8000 h per year. 
Correction factors will be applied further to compensate for the sunlight 
hours. 

Further explanation on the calculate steps for the equipment cost and 
CAPEX can be found on the Supporting Information, while the results for 
the two selected scenarios are presented in Fig. 2. Investment costs for 
the base scenario amount to 325 M€, while for the developed case 
CAPEX reduces significantly to around 51 M€. This reduction can be 
attributed to a higher CO yield and flow rate per m2 of reactor. As a 
consequence, all components required to produce 100 kton of CO can be 
downsized. A smaller area of photoreactors can be utilized thanks to the 
enhanced CO production rate, leading to reduced catalyst needs. For the 
base case, for instance, the surface area of the photoreactor would be of 
0.06 km2, while in the developed case this reduces to around 0.003 km2. 
Similarly, a smaller area of sun concentrator is sufficient, as the light-to- 
CO conversion efficiency improves, while in the base case 1 km2 of 
concentrators would be needed, in the developed case only 0.1 km2 

would be necessary. Additionally, the higher yield results in reduced 
flows of recirculating gases, leading to cost reductions in the most 

Fig. 1. Schematic representation of the system configuration of a 100 kton 
photocatalytic CO production process. The different components (1–11) are 
discussed in the text. 

Fig. 2. CAPEX of a 100 kton CO production plant for a base and devel
oped scenario. 
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expensive auxiliary equipment, such as the compressor and the PSI 
separation unit. 

It’s important to recognize that due to the early stage of technology 
development, there is some uncertainty in our analysis. However, this 
study offers valuable insights into the potential of sunlight-powered 
photochemical CO production. The fact that this technology is in its 
early stages means there’s great room for improvement through opti
mization and system design enhancements (see also Conclusions and 
recommendations section) suggesting a promising future ahead. 

Levelized CO production costs 

The levelized cost of CO production (LCoCO) are determined through 
an annualized cost calculation according to equation (3) [32]. The total 
annual costs include the discounted annualized CAPEX (a x CAPEX), the 
fixed O&M costs (O&M), and the annual feedstock costs for green 
electricity, hydrogen and CO2 (F). These annual costs are divided by the 
total annual production of CO (PCO). The capital recovery factor (a) is 
calculated through equation (4) that depends on the chosen discount 
rate (r) and the plant lifetime (n) in years. 

CCO =
(αxCAPEX) + O&M + F

PCO
(3)  

α =
r

1 − (1 + r)− n (4) 

For this analysis, we used a discount rate (the interest rate to 
determine the present value of future cash flows) of 10 %. The general 
values for lifetime plants in the chemical industry are between 15 and 
30 years [33]. The operational or full load hours (FLH) of the plant are 
directly affected by the amount of sun hours (Sh), since the system only 
works when there is sunlight, which largely depends on the location. For 
that reason, the real FLH of the production plant are less than the 
theoretical FLH presented in the CAPEX analysis, as shown in Table 2. 

Our analysis was primarily based on an installation in Andalusia, 
southeast Spain, renowned for its direct irradiation of 2100 kWh.m− 2. 
yr− 1[34]. Considering the average sun irradiation as 1 kW.m− 2, this 
location would typically experience approximately 2100 h per year of 
direct peak sunlight. The FLH values presented in the baseline LCoCO 
are tailored to this specific location, with values in parentheses indi
cating load hours for alternative locations such as the Netherlands 
(1100 h) and the Sahara desert (2700 h) [34]. For that reason, the 
CAPEX used for the LCoCO analysis (CAPEXREAL) considers the specific 
CAPEX costs (CAPEX8000h) divided by an operation factor (FO), as pre
sented in Equation (5). The operation factor is derived from equation 
(6). 

CAPEXREAL =
CAPEX8000h

FO
(5)  

FO =
Sh

8000
(6) 

The O&M costs amount to 3 % of the initial CAPEX. The price for 
which green CO2, H2 and electricity are available for the plant are 

indicated in Table 2, similar to the values used for CH4. The CO2, 
renewable H2 and electricity costs were taken from the study of B. v. d. 
Zwaan et al. [21]. The range inside the brackets is used to determine a 
more optimistic and conservative production costs range and serves as 
input for our sensitivity analysis. The prices of these commodities are 
also considered to change in the coming years. 

Fig. 3 illustrates the outcome of the LCoCO analysis for the base and 
developed scenarios, delineating the influence of each cost component 
on the overall costs. In the base scenario, the annualized CAPEX emerges 
as the predominant cost contributor, while CO2 and hydrogen contribute 
to a lesser extent within the levelized cost structure. Total LCoCO for the 
base scenario amount to 205 €/GJ, while for the developed scenario 
costs decrease to 53 €/GJ. In the LCoCO of the latter scenario, the OPEX 
components have a higher contribution, with hydrogen becoming the 
primary cost element of the production process. It is important to note 
that these scenarios are constructed based on the current H2 and CO2 
prices, the main values indicated in Table 2. It is foreseeable that these 
prices will change in the future, particularly with the anticipated 
elevation of CO2 prices due to growing demand as a valuable com
modity, and the simultaneous reduction in green hydrogen costs thanks 
to an increased deployment of green electricity supply and electrolyzer 
plants. 

To capture part of the uncertainties in the cost assessment, a full 
range of CO production costs is depicted in Fig. 4. The dark blue line 
aligns with the main parameters of Table 2 and consequently results in 
the same LCoCO for the two scenarios as depicted in Fig. 3. On the other 
hand, the light blue area demonstrates LCoCO extremes under different 
H2, CO2, and electricity costs, with the most optimistic scenario depicted 
as the lower range and the most conservative as the upper range - cor
responding to the parameters in Table 2 enclosed in brackets. This range 
illustrates that under conservative conditions, the LCoCO may become 
as high as 400 €/GJ, while our most optimistic projection results in a 
LCoCO of around 30 €/GJ. 

The LCoCO of our green photochemical process is also compared to 
conventional fossil-based CO production costs in Fig. 4. Presently, CO is 

Table 2 
Parameters for the LCoCO analysis.  

Parameter Valuesa 

CO2 (€/kg) [21] 0.02 [0.01–0.60] 
H2 (€/kg) [21] 4 [1.4–7] 
Electricity (€/MWh) [21] 60 [15–100] 
O&M (%) 3 % [2–5 %] 
FLH (h) [34] 2100 [1100–2700] 
Discount (%)[21] 10 % [8–12 %] 
Lifetime (years) [33] 25 [10–30]  

a ranges used for sensitivity analysis are displayed between brackets. 

Fig. 3. Breakdown of the LCoCO for the photochemical CO production sce
narios. Electricity cost contribution is relatively small and thus not visible at 
this scale. 
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predominantly used as a chemical intermediate, particularly in meth
anol production using syngas derived from natural gas reforming. Our 
estimation places conventional CO production costs between the market 
prices of natural gas and methanol [5]. In 2021, European natural gas 
prices averaged 16 €/GJ [35], while methanol prices varied between 14 
and 32 €/GJ [36]. After adjusting for CO content in syngas, we 
approximate conventional CO production costs at 17 €/GJ, without 
considering purification expenses for CO separation from syngas. 
Despite slight deviations from other estimates [5 35], these fossil-based 
CO costs are an order of magnitude lower than the LCoCO of our 
photochemical process in the base scenario. Also for our developed 
scenario, the LCoCO is around three times higher than fossil-based CO 
production costs. 

Fossil-based CO costs are profoundly impacted by natural gas prices, 
which are susceptible to geopolitical tensions, elevated demand, and 
sustainability measures like CO2 taxation and regulations. We also 
indicate fossil CO production costs when a CO2 tax is included, consid
ering a low CO2 tax from 0 to 75 €/ton of CO2 and a higher CO2 tax 
between 75 and 200€/ton of CO2. It is important to notice that the 
carbon price on the European ETS system already surpassed 100 €/ton of 
CO2 in 2023, so our “high” carbon tax scenario seems reasonable [38]. 
Fossil-based syngas production has a carbon emission intensity of 2.5 kg 
CO2/kg CO for pyrolysis of heavy fuel oil [37], 2.7 kgCO2/kg CO for 
auto-thermal reforming process (ATR) and up to 4.2 kg CO2/kg CO for 
steam methane reforming (SMR) [37]. Those numbers include upstream 
and downstream emissions of CO2eq, considering that the CO produced 
is combusted. In these scenarios, plasmonic assisted rWGS is expected to 
become competitive versus fossil-based CO production, in case that CO2 
taxes are applied (Fig. 4). The technology will become more profitable 
with in the developed scenario and if the willingness to pay for a 
renewable CO alternative increases and/or fossil fuel prices rise. 

Sensitivity analysis 

We performed a sensitivity analysis for the LCoCO on seven different 
parameters to identify the key factors that can influence it for the base 
and the developed case. Among these parameters, the operational hours 
of the process are mainly determined by the hours of sunlight and have 
the most substantial impact on the levelized costs of CO in the base 

scenario (Fig. 5A). Locations with more hours of sun experience a lower 
LCoCO of approximately 150 €/GJ, while at more Northern altitudes, 
the LCoCO doubles. However, in the developed scenario (Fig. 5B), the 
effect is less extreme because of the larger efficiency, enabling more CO 
production with less sunlight, reducing the dependency on sun hours to 
some extent. 

In the developed scenario, feedstock costs (H2 and CO2) significantly 
influence production costs, whereas their impact is smaller in the base 
scenario. However, upon analysing these components separately, it be
comes evident that the future cost of CO2 could drive production costs 
up substantially. In remote locations where direct air capture could be 
the only viable CO2 source, CO2 costs may amount to 0.60 €/kg [39]. In 
that case, production costs may rise by as much as 50 % in the base 
scenario and even more than double in the developed scenario. Simi
larly, hydrogen prices exert a strong influence on the costs of the 
developed scenario, potentially lowering costs by up to 30 % for a H2 
price of 1.4 €/kg. 

The catalyst cost is driven by the metal (Au) loading. To reduce 
CAPEX costs of the photoreactor, one possible approach is to reduce the 
amount of gold in the catalyst or replace it by other metals-as-catalysis 
(e.g. Cu). In the base scenario, where a substantial portion of the CAPEX 
comes from the catalyst, this change would have a more significant 
impact. However, for the developed scenario, which utilizes much less 
catalyst based on the assumptions made, the difference would be min
imal. Besides, the plant lifetime should be at least 20 years. Longer 
lifetimes do not considerably improve the LCoCO, but costs increase 
significantly for shorter lifetimes. O&M costs and the discount rate are 
relative factors to the CAPEX, and as investment costs are the most 
significant cost component, especially in the base scenario, their impact 
increases with higher CAPEX values. Overall, it’s evident that increasing 
production efficiency reduces dependency on capital expenditure 
(CAPEX) components like gold concentration, plant lifetime, and dis
count rate. 

Fig. 4. Projection of CO production costs through photochemical conversion.  

Fig. 5A. LCoCO sensitivity analysis for the base scenario.  
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Conclusions and recommendations 

The techno-economics of the sunlight-powered photochemical rWGS 
process, which is catalysed by Au/TiO2 in a transparent flow reactor, are 
studied. The process can become a competitive solution for producing 
CO as renewable carbon feedstock. However, to reach this competitive 
level with fossil CO, photocatalytic production relies on a combination 
of technical, political and operational factors. 

In the analysis of investment costs, we conducted a bottom-up 
assessment of the main equipment components: the photoreactor, 
solar concentrator system, and auxiliary equipment. The contribution of 
each component’s costs varies based on reaction efficiency and the 
considered light concentration. In our system design, the light concen
trator incurs the highest costs, accounting for 56 % of the total CAPEX in 
the base scenario and 54 % in the developed scenario. The photoreactor 
costs make up 30 % of the CAPEX in the base scenario and are reduced to 
10 % in the developed scenario. Meanwhile, the auxiliary equipment 
represents 14 % of the CAPEX in the base scenario and increases to 36 % 
in the developed scenario. The auxiliary equipment costs can be reduced 
substantially by economies-of-scale effects. A system in which multiple 
photoreactors (numbering up principle) are connected to a large gas 
treatment and purification system seems most cost effective. By 
leveraging higher CO production with enhanced sun concentration and 
conversion efficiency, total CAPEX for a 100 kton CO production ca
pacity can drop from 325 M€ to 32 M€. 

We have also conducted a levelized cost analysis for two selected 
scenarios. The results suggest that achieving cost parity with the fossil- 
based benchmark relies on a sufficiently reasonable CO2 emission pric
ing, likely somewhere between 75 and 200 €/tCO2. To realize this sce
nario, both process throughput and yield need enhancement, as 
estimated in our study, and the costs of primary feedstocks, CO2 and H2, 
should align with projected price levels. These operational variables 
significantly influence pricing when CAPEX reduces, but their impact is 
contingent on future market dynamics and the progress of unrelated 
technologies beyond the scope of this study. Nevertheless, price pro
jections indicate that even with anticipated higher operational costs, the 

technology could maintain competitiveness against the fossil bench
mark. A comprehensive assessment could further explore a comparative 
analysis of photochemical CO production and alternative green CO 
production pathways. 

Our analysis has identified several key areas that require develop
ment to improve the competitiveness of this technology. Firstly, we 
recommend that research efforts are directed towards enhancing the 
production rate and yield of the photochemical CO production process, 
as this would lead to a significant reduction in production costs and 
increase the feasibility of this technology for widespread implementa
tion. Additionally, exploring alternative process configurations that 
incorporate the use of artificial light to increase the number of full load 
hours represents a promising avenue and is currently ongoing. While the 
impact of increased irradiation on temperature and catalytic efficiency is 
acknowledged, specific studies on the efficiency and lifetime of the 
catalyst under these conditions are not available as far as we know. 
Furthermore, we emphasize the importance of considering a realistic 
yearly cycle of sunlight-based operation and the associated start-up and 
shut-down procedures, as well as managing the recycle stream during 
transient periods. Pursuing these areas of research and development 
could greatly enhance the competitive potential of this technology for 
various industrial applications. 
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